Crystalline silicon film is extremely important for low-cost, high performance Si-based devices, such as thin film transistors and solar cells. This study employs an elliptical microwave applicator to process the material placing near the field maximum. It is demonstrated that microwave irradiation incorporating with SiC susceptors is able to crystallize amorphous silicon film on glass substrate at a low temperature below 600°C in a short period of 600 s. The reasons for such a fast processing time and a low annealing temperature are not clear.
Since the development of thin film transistor ͑TFT͒ in the 1980s, Si thin films have been widely adopted in integrated circuit industry for their easy-handling characteristics. To crystallize as-deposited amorphous silicon ͑a-Si͒ film is not easy by simple post annealing, which usually needs high temperature and long time, due to the high activation energy of crystallization. [1] [2] [3] Conventionally, numerous processes have been used to crystallize a-Si film, such as solid phase crystallization, 4 excimer laser annealing, 5 and metal-induced crystallization ͑MIC͒. 6, 7 Among them, MIC effect is suitable to crystallize Si at lower temperature but at the cost of possible contamination and film disintegration. In MIC studies, the lowest reported crystallization temperature is 165°C for Al-MIC, 8, 9 while 380°C for Ni-MIC, 10 at a time frame of around 1 h. Meanwhile, exploring an alternative to crystallize a-Si thin film efficiently at a low temperature without any contamination is still a long pursuit.
Microwave heating can be fast, volumetric, and material selective. It was reported that irradiation of microwave during thermal annealing slightly improves crystallization of a-Si films. 11, 12 This study employs an elliptical applicator to enhance the field strength. Two SiC susceptors are used to absorb the microwave energy and then directly irradiate heat on the as-deposited film. The results show a high crystallization rate at a low annealing temperature and a short processing time.
Silicon film at a fixed thickness of 40 nm was prepared by low-pressure chemical vapor deposition onto a 1 mm thick glass substrate ͑Pyrex, Corning͒. It was then put into an elliptical microwave applicator, at a frequency of 2.45 GHz, insulated with ceramic fiber, as shown in Fig. 1 . Two SiC cylinders ͑length of 5 cm and diameter of 1 cm͒, functioning as the susceptors were put on top of the a-Si film at a distance of 2 cm. The applicator is an elliptical shape, as shown in Fig. 1͑b͒ with the lengths of the long axis and the short axis of 350 and 230 mm, respectively. The electric field strength shown in Fig. 1͑b͒ is a relative scale. It is proportional to the input power but varies with the properties and positions of the sample. The sample is basically placed in the vicinity of the field maximum.
In this study, thermal annealing due to the SiC heater together with direct microwave irradiation onto a-Si was adopted. The reason why SiC cylinders were used is because a-Si does not absorb microwave energy at low temperature. An annealing temperature was measured by an infrared thermometer on the surface of the SiC susceptors, and maintained concurrently with a microwave input power. The true temperature on the film to be processed is lower than the temperature of SiC͑T SiC ͒ because the SiC susceptors absorb a͒ Authors to whom correspondence should be addressed. Electronic addresses: thschang@phys.nthu.edu.tw and tschin@fcu.edu.tw. more microwave energy than the film. The annealing temperature should be maintained at a temperature lower than the glass-transition temperature ͑T g ͒ of the substrate. From the experiment, the maximum temperature difference between T SiC ͑650°C͒ and T g ͑ϳ600°C͒ is 50°C at a maximum input power of 1050 W. Although not confirmed by direct measurement, from now on the nominal annealing temperature is assumed to be T SiC − 50°C. Time of irradiation was fixed at 600 s.
For phase identification, annealed films were examined by x-ray diffraction ͑XRD͒ with Cu K radiation ͑Mac MXP-18͒ and Raman spectroscopy ͑Jobin Yvon T64000͒. Crystallization fraction was calculated by peak intensities through a calibration curve fitting. The microstructure of the annealed films was observed by transmission electron microscopy ͑TEM͒ ͑JOEL JEM-2010F͒. Figure 2͑a͒ shows XRD patterns of the Si thin films microwave-annealed for 600 s using different input powers 800, 900, and 1000 W, respectively. It is not until irradiation at 900 and 1000 W that Si diffraction peaks ͑111͒ and ͑220͒ manifest. There is a subtle ͑111͒ peak in the 800 W irradiated film, denoting that 800 W is merely enough to trigger crystallization. This result agrees well with the earlier finding. 12 Figure 2͑b͒ shows the crystallization fraction of a-Si films, annealed at the noted temperature corresponding to the microwave power with irradiation time 600 s. The crystalline fraction C f was determined from the relation
where I MW is the XRD ͑111͒ peak intensity after microwave annealing, I b is the background intensity, and I max is the maximum ͑111͒ peak intensity of a fully crystallized Si film. In our case, "full crystallization" for comparison purposes was the annealing for 12 h using a conventional furnace at 600°C, which is the highest tolerable temperature for Pyrex glass substrate. The adopted time is 4 h more than that in literature, 13 in order to ensure better completion of crystallization. 14 Comparing with full crystallization, the calculated crystallization fraction of the samples was 15%, 75%, and 81%, for the input power of 800, 900, and 1000 W, respectively. The result in Fig. 2͑b͒ indicates full crystallization of Si film at the power 1000 W. The crystallization process can also be finished in less than 600 s if a higher annealing temperature, such as 590Ϯ 20°C is used, the time is 300 s to reach 80% crystallization fraction. In this study, crystallization process seems not to proceed manifestly when power is below 800 W. For instance, the crystallization fraction is only 10% when a-Si film is irradiated with 700 W for 12 h at a temperature of 360°C. However, fast crystallization occurs when the microwave power is 900 to 1000 W.
The crystallized phase was also examined by Raman analysis. Figure 3͑a͒ shows Raman spectra of samples annealed for 600 s under different microwave powers 800, 900, and 1000 W, respectively. A broad peak near 480 cm −1 , representative of a-Si, and a sharp peak around 506 cm −1 , being the peak of poly-Si, are detected for films irradiated by the power of 800 W. After microwave irradiation at higher powers the peak at 506 cm −1 shifts to 519 cm −1 due to better crystallinity. Figure 3͑b͒ shows Si crystallization at 300 s under 590°C. This sharp peak even overlaps with that of single-crystal Si ͑c-Si͒ wafer noted on the spectrum. By Raman analysis, the phase transformation from a-Si to poly-Si is further confirmed. Figure 4 shows TEM images of the poly-Si film crystallized by annealing with microwave irradiation. Grain size and crystal orientation were identified by TEM analysis. The insets are diffraction patterns of crystallized Si film. Figure  4͑a͒ shows a plane view of the poly-Si film. The inset diffraction pattern confirmed crystallization of Si phase with ͓111͔ orientation after annealing with 900 W microwave irradiation which induces poly-Si film. Figure 4͑b͒ shows a TEM image of cross-sectional poly-Si film. The crystallized grain size is measured around 200 nm, and the film is around 40 nm in thickness. So the crystallized grain grows laterally.
In summary, microwave irradiation incorporating with SiC susceptors, which induce a temperature of 460-550°C, was demonstrated to effectively mediate crystallization of a-Si thin film in a short period of 600 s. This was confirmed by XRD, Raman spectra and TEM examinations. It has been FIG. 2. ͑Color online͒ ͑a͒ X-ray Diffraction patterns for a-Si films annealed under microwave power 800, 900, and 1000 W, respectively and; ͑b͒ the crystallization fraction of a-Si thin film 550°C-annealed for 600 s under microwave power 800, 900, and 1000 W, respectively .   FIG. 3 . ͑Color online͒ Raman spectra of a-Si films ͑a͒ annealed under microwave power 800, 900, and 1000 W, respectively; and that of a c-Si ͑b͒ annealed at 550°C for 600 s ͑i͒ and 590°C for 300 s ͑ii͒ found that microwave irradiation facilitates a much faster crystallization, such as 75% completion at 900 W ͑460°C͒ and 81% completion at 1000 W ͑550°C͒ for only 600 s. The crystallized grain showed random orientation with a clear poly-crystalline structure of around 200 nm in grain size. This technique is characterized by contamination free as compared with metal-induced crystallization. FIG. 4 . TEM image of the Si film annealed at 550°C for 600 s under a microwave power 1000 W in ͑a͒ planar view and ͑b͒ cross-sectional image. The inset is a selected area diffraction pattern.
